The sequence of events that leads to tumor vessel regression and the functional characteristics of these vessels during hormone-ablation therapy are not known. This is because of the lack of an appropriate animal model and monitoring technology. By using in vivo microscopy and in situ molecular analysis of the androgen-dependent Shionogi carcinoma grown in severe combined immunodeficient mice, we show that castration of these mice leads to tumor regression and a concomitant decrease in vascular endothelial growth factor (VEGF) expression. Androgen withdrawal is known to induce apoptosis in Shionogi tumor cells. Surprisingly, tumor endothelial cells begin to undergo apoptosis before neoplastic cells, and rarefaction of tumor vessels precedes the decrease in tumor size. The regressing vessels begin to exhibit normal phenotype, i.e., lower diameter, tortuosity, vascular permeability, and leukocyte adhesion. Two weeks after castration, a second wave of angiogenesis and tumor growth begins with a concomitant increase in VEGF expression. Because human tumors often relapse following hormone-ablation therapy, our data suggest that these patients may benefit from combined anti-VEGF therapy.
Nearly one-third of human tumors are hormone sensitive. Hormone-ablation therapy leads to regression of the hormone-dependent tumors. In addition, hormone withdrawal inhibits vascular endothelial growth factor (VEGF) expression as well as angiogenesis in prostate cancer in both patients and animals (1, 2) , and induces apoptosis in these cells during the regression (3) (4) (5) . Shionogi murine tumor is a male mammary carcinoma and androgen-dependent. Similar to human hormone-sensitive tumors, the depletion of androgen by castration leads to regression of Shionogi tumors (3) . Similar to human and murine hormone-dependent tumors, Shionogi tumor relapses after the regression following hormone ablation.
A more effective treatment would require an understanding of molecular and physiological processes during tumor growth, regression, and relapse. The mechanisms of rapid vascular regression following hormone withdrawal, the function of regressing vessels, and the molecular determinants responsible for the second wave of angiogenesis and tumor growth are, however, not known. In an effort to dissect these processes and to assess their clinical implications, we investigated angiogenesis, microvascular function, apoptosis, and VEGF expression during the initial growth, regression, and relapse of the Shionogi tumor. VEGF is expressed at a high level during the initial tumor growth and decreases to an almost undetectable level 1 week after castration. Strikingly, tumor endothelial cells begin to undergo apoptosis before neoplastic cells, the regressing vessels in the tumor begin to exhibit normal phenotype, and the dominant angiogenic factor in the relapsed tumor is VEGF.
MATERIALS AND METHODS
Tumor Model. Shionogi tumors were grown in male severe combined immunodeficient mice (6-8 weeks old, 25-35 g) bred and housed in our defined-flora animal colony. A dorsal skin-fold chamber was implanted under anesthesia [75 mg ketamine hydrochloride (Parke-Davis) and 25 mg xylazine (Fermenta, Kansas City, MO) per kg body weight, s.c.] as described (6) . Animals were allowed to recover from the surgery for 2-3 days after implantation of the chamber. A 1-mm diameter fragment of the Shionogi tumor was implanted at the center of the dorsal chamber. This model allows quantitation of angiogenesis and microvascular function in the tumor for 30-40 days. Castration of animals was performed on day 15 or day 16 after tumor implantation through an abdominal incision under anesthesia (3) .
Five to 12 animals were used for each parameter (tumor size, microvascular hemodynamics, vascular permeability, and leukocyte adhesion to tumor vessels). These parameters were measured during different phases of growth in castrated and sham-operated animals (Table 1) . Vessel diameter and erythrocyte velocity were measured in about 100 vessels at each time point.
Measurement of Tumor Growth, Angiogenesis, and Hemodynamics. Animals with a dorsal skin-fold chamber were anesthetized (75 mg ketamine hydrochloride and 25 mg xylazine per kg body weight, s.c.) and placed in a polycarbonate tube. The chamber preparation was mounted on the microscope stage (Axioplan; Zeiss) and was observed by using a ϫ20 objective (LD acroplan; Zeiss). For measurement of vessel diameters and erythrocyte velocity, fluorescein isothiocyanate (FITC)-labeled dextran solution (5% in 0.9% NaCl) was injected i.v. as a bolus (4 ml͞kg). Epi-illumination was achieved with a 100 W mercury lamp with fluorescence filters for FITC (excitation: 525-555 nm, emission: 580-635 nm). Images of microvessels in five areas of the tumor were acquired by using a CCD camera (AVC D7; Sony, Tokyo), displayed on a video monitor and recorded on video tapes using a video recorder (SVO-9500MD; Sony) for off-line analysis.
Functional capillary density (an index of angiogenesis), defined as the total length of vessel with plasma flow per unit area of observation, and tumor surface area were measured using National Institutes of Health IMAGE software after digitization of images from video tape on a Macintosh computer (6) . Erythrocyte velocities were measured by using a four-slit method (Microflow System, model 208C, video photometer version; IPM, San Diego) connected to a personal computer (IBM PS͞2, 40 SX, Computer Land, Boston). The diameter of vessels was measured by using an image shearing device (digital video image shearing monitor, model 908; IPM) (6) .
Microvascular Permeability Measurements. Tetramethylrhodamine-labeled bovine serum albumin (Molecular Probes; excitation peak at 541 nm, emission peak at 572 nm) was dissolved in PBS (6.5 mg͞ml) and injected i.v. as a bolus (40 mg͞kg). Fluorescence intensity in the selected area with a ϫ20 objective was quantified every 2 min over a period of 20 min by a photomultiplier (9203B; Thorn EMI Electron Tubes, Rockaway, NJ). These data were analyzed to estimate microvascular permeability to albumin as described earlier (7) .
Leukocyte-Endothelial Interaction Measurements. Mice were injected with a bolus (20 l) of 0.1% rhodamine 6-G in 0.9% saline through the tail vein to visualize leukocytes via an intensified CCD camera and recorded on a S-VHS tape. Only 100 m segments of straight vessels with diameters between 13 and 30 m were chosen for leukocyte studies. The numbers of rolling (Nr) and adhering (Na) leukocytes were counted for 30 sec along a 100 m segment of a vessel. The total number of nonadhering leukocytes for 30 sec was also measured (Nt) to calculate the white blood cell flux (cells per unit time per unit vessel cross-sectional area) ϭ 10 6 ϫ Nt͞(30 sec ϫ ϫ D 2 ͞4). The equations for calculating the ratio of rolling cells to Nt (rolling count), the density of adhering leukocytes (adhesion density), and the shear rate for each vessel are as follows: rolling count (%) ϭ 100 ϫ Nr͞Nt, adhesion density (cells per mm 2 ) ϭ 10 6 ϫ Na͞( ϫ D ϫ 100 m), shear rate ϭ 8 ϫ Vmean͞D (8) .
Histochemistry and in Situ Analyses. The tumor and the underlying subcutaneous tissue were excised from the chamber (ii) Tumor growth before day 8 was also quantified. Mean (SD) and median (range) (mm 2 ) were as follows: 1.83 (0.37) and 1.8 (1.2-2.8) on day 4; 2.6 (0.9) and 2.5 (1.5-4.2) on day 6. † Indicating P Ͻ 0.05 in statistical analyses. One-way repeated measures analysis of variance and Student-Newman-Keuls tests were used for multiple comparisons in leukocyte-endothelial interaction studies. Mann-Whitney U test was used for comparing the differences between Sham and Castr groups. ‡ The vascular density and permeability shown on day 18 were actually measured on day 17. § Although average vessel diameter decreased after castration, for leukocyte-endothelial interaction analysis, only 100 m vessel segments with diameters between 13 and 30 m were chosen. Furthermore, all vessels chosen were straight and with confluent blood flow, indicating venule-like vessels. Erythrocyte-velocity measured in these vessel segments did not differ between groups (data not shown) and thus shear rate on the endothelial cell membrane did not differ between Sham and Castr groups. and fixed in 4% formaldelyde. Formalin-fixed tumors were embedded in paraffin and cut into 4 m sections for histochemistry and in situ analyses. Blood vessels were visualized by incubation with the Bandeira simplicifolia isolectin B4 (biotinconjugated, Sigma) overnight, followed by incubation with extra-avidin-peroxidase (BioMakor, Rehovot, Israel; 1:20 dilution) and staining with 3-amino-9-ethylcabazole. In situ terminal deoxynucleotidyltransferase-mediated UTP end labeling (TUNEL) assays and in situ hybridization of tumor sections were performed as described (9, 10) . Northern Blot Analysis. VEGF mRNA was measured by using the procedure described in ref. 7 . Briefly, total RNA was isolated from Shionogi tumor grown in severe combined immunodeficient mice by Trizol reagents (Life Technologies, Grand Island, NY) following the manufacturer's instructions. Fifteen micrograms of total RNA from each sample was electrophoresed through 1% agarose gel containing 40 mM 4-morpholinepropanesulfonic acid, 2 mM EDTA (pH 7.5), 5 mM iodoacetamide, and 2.2 M formaldehyde. Following electrophoresis, the fractionated RNAs were transferred to nylon membranes and hybridized with a DNA probe labeled with ␣-32 P (deoxyCTP). The ␤-actin expression was used as internal control.
RESULTS AND DISCUSSION
Dynamics of Tumor and Vessel Regression. The growth of Shionogi tumor in the dorsal skin-fold chambers is shown in Fig. 1 . The transparent window model permits noninvasive monitoring of tumor growth, angiogenesis, and microvascular function for about 1 month (6). Animals were sham-operated or castrated on day 15 or day 16 after tumor implantation. In sham-operated animals, tumors expanded from 3.5 mm 2 surface area to 13 mm 2 in 3 weeks, with a concomitant increase in functional capillary density (angiogenesis) from Ϸ53 to Ϸ130 (cm͞cm 2 ) ( Table 1 ). In castrated animals, blood vessels in the tumor periphery began to regress within 24 hr of castration, and the tumors began to regress within 1-2 days. Note that in castrated animals, the capillary density was significantly lower before castration than the corresponding sham controls (Table 1) . This is presumably because of heterogeneity in angiogenesis in these tumors. Nevertheless, the relative decrease in capillary density was significant (P Ͻ 0.05). More specifically, the tumor size decreased to about two-thirds and the capillary density decreased to about one-fifth, 2 weeks after castration compared with the same group of tumors at the time of castration (Table 1) .
Mechanism of Vessel Regression. To identify the mechanism of rapid vascular regression following castration, we examined apoptosis in tumors by using in situ 3Ј nick-end labeling (TUNEL). Shionogi carcinoma cells bear androgen receptors and are known to undergo apoptosis following hormone depletion (3) (4) (5) . Surprisingly, we found TUNELpositive endothelial cells on day 1 after castration, whereas the neoplastic cells were still TUNEL-negative (Fig. 2) . We confirmed that the TUNEL-positive cells were indeed endothelial cells by labeling an adjacent thin section with a lectin stain (Fig.  2) . From day 2 on, both the endothelial and neoplastic cells became TUNEL-positive. On day 6 we observed massive apoptosis throughout the tumor. In contrast, during physiological regression of blood vessels in regressing corpus luteum very few endothelial cells are TUNEL-positive compared with the luteal cells (Ϸ1:100) (11, 12) .
We then investigated the mechanism of endothelial apoptosis. By using a tetracycline-regulated VEGF expression system in xenografted C-6 glioma cells, Benjamin and Keshet (13) have recently shown that turning off VEGF production leads to detachment of endothelial cells from tumor vessels and their subsequent death by apoptosis. VEGF is known to be a survival factor for endothelial cells (8) . We therefore hypothesized that hormone ablation leads to a decrease in the production of VEGF by Shionogi cells. VEGF transcription began to decrease following castration, became about one-half by 24 hr, and was almost undetectable around day 7 after castration ( Fig. 3 A and B) . In situ hybridization analysis showed a uniform level of VEGF throughout the tumor before castration (Fig. 3C) , whereas VEGF expression was down except for punctate VEGF expression at 24 hr after castration (Fig. 3D) . The punctate pattern attests to differences in the level of expression between different cells, presumably because of microenvironmental differences. Onset of apoptosis at reduced (Ϸ50%) levels of VEGF at 24 hr suggests that a critical VEGF threshold is required for its endothelial survival function. This is supported by the heterozygous lethality of the VEGF knockout mice (14, 15) . Taken together, these data show that androgen withdrawal downregulates VEGF production by androgen-dependent Shionogi cells. survival than are the Shionogi cells on androgen. Therefore, endothelial cells begin to apoptose before cancer cells following castration.
Functional Characteristics of Regressing Vessels. A hallmark of regressing tumor vessels following VEGF neutralization with a blocking antibody is a decrease in their diameter (10) . We found a striking resemblance between regressing Shionogi vessels and those regressing following anti-VEGF antibody treatment. The median diameter of Shionogi vessels decreased by Ϸ70% from 40.4 m (before castration) to 12.8 m, 2 weeks after castration (Table 1 ). In contrast, in control animals the vessel diameter increased to 45.2 m on day 29 after tumor implantation. In addition, the regressing vessels became less tortuous, as demonstrated by a decrease in their minimum path length (16) . Interestingly, vessel regression during luteolysis in the ovary involves contraction and occlusion of arterioles and small arteries with pronounced proliferation of smooth muscle cells (12) . We did not see such occlusion in regressing Shionogi vessels, presumably because of a lack of functioning smooth muscle cells or pericytes in these tumor vessels. Indeed, the erythrocyte velocity in tumor vessels during growth and regression remained fairly constant (Ϸ0.11-0.15 mm͞sec). Thus, death of Shionogi cells was caused primarily by hormone withdrawal, and not reduced perfusion.
To gain further insight into the role of VEGF in regressing vessels, we measured vascular permeability to albumin in the tumor vessels. VEGF is a potent permeability enhancing factor (17) . Based on our work on anti-VEGF antibody-induced regression (10), we anticipated a decrease in vascular permeability during regression. Vascular permeability increased in all animals during initial growth for up to 2 weeks. However, vascular permeability decreased within 2 days of castration and continued to decline for the next 2 weeks. In contrast, vascular permeability did not go down in control animals ( Table 1) . This finding is consistent with a decrease in pore size in vessels of Shionogi tumor after castration (18) and has significant clinical implications. For example, decrease in vascular permeability during regression would make it difficult to deliver therapeutic agents to neoplastic cells in the extravascular space during hormone-ablation therapy.
We then examined leukocyte adhesion in regressing vessels. We have recently shown that VEGF upregulates the expression of adhesion molecules, ICAM-1 and VCAM-1, on human umbilical vein endothelial cells in vitro and increases rolling and adhesion of leukocytes in vivo (7, 19) . The effect of VEGF neutralization or downregulation on leukocyte adhesion, however, is not known. We hypothesized that the lower expression of VEGF in regressing tumors should lower leukocyte adhesion in vessels. We found a decrease, compared with shamoperated animals, in leukocyte rolling in Shionogi vessels 2 and 7 days after castration (Table 1) . It is tempting to speculate that this decreased recognition of regressing tumor vessels by the host immune cells may contribute to their regrowth and thus tumor relapse. Second Wave of Tumor Angiogenesis and Growth. Human tumors invariably relapse after hormone-ablation therapy alone. Shionogi tumor also began to regrow around 2 weeks after castration. This regrowth was accompanied by a second wave of angiogenesis. We wondered whether VEGF was also involved in this phase of angiogenesis. By using a tetracycline-off system, Yoshiji et al. (20) have shown recently that beyond certain tumor size vessel growth becomes independent of VEGF and other growth factors such as basic fibroblast growth factor may stimulate angiogenesis. Thus, we were expecting basic fibroblast growth factor or another molecule involved in the regrowth of Shionogi vessels (20) . Surprisingly, we found an upregulated VEGF mRNA again in the relapsed tumors (Fig. 3B) , and no detectable basic fibroblast growth factor in either the initial or relapse phase of growth (data not shown). We cannot, however, exclude the involvement of other androgen-dependent angiogenic factors, e.g., FGF8 in the observed response (21) . We speculate that hypoxia or other unidentified inducers are responsible for the second wave of VEGF production by Shionogi cells (9, 22) , whereas androgen is primarily responsible for the first wave of VEGF production. The central role of VEGF in both phases of tumor growth suggests that patients with hormone-dependent tumors, in addition to hormone-independent tumors, might benefit from anti-VEGF therapy (23).
FIG. 3. VEGF expression in tumors by Northern blot analysis (A and B) and in situ hybridization (C and D). (A and B)
During the initial growth, total RNA was isolated from the tumors at 7 and 14 days after implantation of tumors. The sham operation and castration were performed on day 15 of initial growth. Total RNA was isolated from tumors at the time points of 24 and 48 hr, and 7, 13, 20, 27, and 34 days after surgery. The levels of VEGF mRNA steadily increased in control (sham-operated animals; A). In contrast, the VEGF messages dramatically decreased and became almost undetectable on day 7 in tumors in castrated animals (B). However, the transcription of VEGF began to be upregulated on dayImplications. Collectively, these results suggest that castration mimics several features of anti-VEGF therapy. Following surgical or medical androgen-ablation therapy, there is a significant reduction in VEGF expression and angiogenesis in human prostate carcinomas and mammary carcinomas (1, 2, 24, 25) . These tumors also become refractory to hormoneablation therapy, similar to the Shionogi tumor. Thus, our results are significant for the treatment of human prostate and breast cancer and support the combination of anti-VEGF therapy with hormone therapy.
